Global disruption of transient receptor potential-melastatin-like 7 (Trpm7) in mice results in embryonic lethality before embryonic day 7. Using tamoxifen-inducible disruption of Trpm7 and multiple Cre recombinase lines, we show that Trpm7 deletion before and during organogenesis results in severe tissue-specific developmental defects. We find that Trpm7 is essential for kidney development from metanephric mesenchyme but not ureteric bud. Disruption of neural crest Trpm7 at early stages results in loss of pigment cells and dorsal root ganglion neurons. In contrast, late disruption of brainspecific Trpm7 after embryonic day 10.5 does not alter normal brain development. We developed induced pluripotent stem cells and neural stem (NS) cells in which Trpm7 disruption could be induced. Trpm7 −/− NS cells retained the capacities of self-renewal and differentiation into neurons and astrocytes. During in vitro differentiation of induced pluripotent stem cells to NS cells, Trpm7 disruption prevents the formation of the NS cell monolayer. The in vivo and in vitro results demonstrate a temporal requirement for the Trpm7 channel kinase during embryogenesis.
Global disruption of transient receptor potential-melastatin-like 7 (Trpm7) in mice results in embryonic lethality before embryonic day 7. Using tamoxifen-inducible disruption of Trpm7 and multiple Cre recombinase lines, we show that Trpm7 deletion before and during organogenesis results in severe tissue-specific developmental defects. We find that Trpm7 is essential for kidney development from metanephric mesenchyme but not ureteric bud. Disruption of neural crest Trpm7 at early stages results in loss of pigment cells and dorsal root ganglion neurons. In contrast, late disruption of brainspecific Trpm7 after embryonic day 10.5 does not alter normal brain development. We developed induced pluripotent stem cells and neural stem (NS) cells in which Trpm7 disruption could be induced. Trpm7 −/− NS cells retained the capacities of self-renewal and differentiation into neurons and astrocytes. During in vitro differentiation of induced pluripotent stem cells to NS cells, Trpm7 disruption prevents the formation of the NS cell monolayer. The in vivo and in vitro results demonstrate a temporal requirement for the Trpm7 channel kinase during embryogenesis. gastrulation | magnesium | melanocytes | chanzyme | TRPM6 W ithin the large family of transient receptor potential (TRP) proteins, ubiquitously expressed TRPM7 functions as both a divalent-permeant ion channel and serine/threonine kinase (1) (2) (3) . As a channel, TRPM7 is permeant to monovalent and many divalent ions (4) , is inhibited by internal Mg 2+ (5) and by phosphatidylinositol 4,5-bisphosphate hydrolysis (2) , and is potentiated at low pH (6) . Global Trpm7 disruption in mice leads to early embryonic lethality, whereas T cell-specific disruption results in developmental block of thymocytes at the doublenegative stage and a progressive depletion of thymic medullary cells (7) . Trpm7 mutations in zebrafish cause embryonic lethality, abnormal skeletogenesis, kidney stone formation, and albinism (8) . In Xenopus laevis toads, Trpm7 disruption results in embryonic lethality during gastrulation (9) . These pleiotropic effects suggest that TRPM7 is important during development, although the role of the ion channel in these various tissues remains obscure. To explore this question, we took advantage of genetic tools that allow tissue-specific and time-specific inactivation of the Trpm7 gene. Here, we show, via inducible disruption at different embryonic stages and postnatal ages, that loss of TRPM7 has the most profound effects on organs that develop earliest in embryogenesis, specifically before embryonic day (E) 7-E9.
Results

TRPM7 Is Essential Only for Early Stages (E7-E9) of Embryogenesis.
A tamoxifen (TM)-inducible (Cre-ER) transgenic line (10) was bred to Trpm7 fl/fl mice to allow global Trpm7 disruption in Trpm7 fl/fl (Cre-ER) embryos or adult mice. A single TM dose administered at early (E7-E9) gestation to pregnant females induced Trpm7 disruption in Trpm7 fl/fl (Cre-ER) embryos and resulted in embryonic lethality within 48-72 h (Fig. 1A) , with dying Trpm7 fl/fl (Cre-ER) embryos exhibiting abnormal morphology and body patterning (Fig. 1B) . In crosses between male Trpm7 fl/fl (Cre-ER) and female Trpm7 fl/fl mice, the absence of live Trpm7 fl/fl (Cre-ER) embryos/pups in litters from dams treated early with TM confirmed embryonic lethality at E7-E9 ( Fig.  S1A ). However, when TM injection was performed at E14.5, live Trpm7 fl/fl (Cre-ER) pups were born in numbers consistent with expected Mendelian inheritance. In parallel injections, no dead Trpm7 fl/fl (Cre-ER) embryos were found in utero 48 h after injection ( Fig. S1A ). Therefore, we conclude that disruption of Trpm7 at E7-E9, but not at E14.5, results in embryonic death.
We also injected 6-wk-old Trpm7 fl/fl (Cre-ER) adult mice with TM to generate adult Trpm7 global knockout (ko) mice. All mice were grossly normal 1-2 mo after injection ( Fig. 1B) . Tail DNA genotyping for the fl allele (the loxP-flanked Trpm7 exon 17) confirmed global Trpm7 disruption in these Trpm7 fl/fl (Cre-ER) adult mice, as shown by emergence of the null allele and loss of the fl allele in tail DNA ( Fig. S1B ). To study the effect of global Trpm7 disruption in a tissue-specific manner, three matched daily TM injections (25-50 μg/g of body weight) in 4-wk-old Trpm7 fl/fl control and Trpm7 fl/fl (Cre-ER) mice were used. Trpm7 mRNA levels were measured, and histology was analyzed from tissues collected 4 wk after TM injection in Trpm7 fl/fl control and Trpm7 fl/fl (Cre-ER) KO mice. Exon 17-containing Trpm7 mRNA was nearly absent in kidney and heart and was significantly reduced in the ko liver ( Fig.  S1C ), confirming TM-induced Trpm7 disruption. These organs displayed normal histology as shown by H&E staining (Fig. S1D) . No morphological or obvious behavioral abnormalities were found in TM-induced Trpm7 ko adult mice, in contrast to the embryonic lethality caused by complete early Trpm7 deletion. Thus, at least in the few months following Trpm7 deletion in adults, loss of TRPM7 in adult mice does not result in major phenotypic differences.
Nestin-Cre-Mediated Trpm7 Disruption Does Affect Brain Development. After neural induction and neurulation, ectoderm gives rise to neural tube (E9.5), whose epithelium contains the neural stem (NS) cells that are progenitors of all neural lineages. NS cells express Nestin and are poised to differentiate into neurons and astrocytes in vitro. NS cells can also be obtained by in vitro differentiation of ES cells, and such generated NS cells are capable of self-renewal and further differentiation into neurons and astrocytes (11) . Nestin-Cre Trpm7 ko mice were generated by breeding Trpm7 +/fl (Nestin-Cre) male mice with Trpm7 fl/fl female mice. A normal Mendelian ratio was observed in pups (18 ko from 69 pups in 8 litters; 26% vs. 25% expected). As expected, the fl allele mRNA was absent in brain but not heart, and TRPM7 protein was substantially lower in brain lysates of the Nestin-Cre Trpm7 ko mice ( Fig. 1 C and D) . However, Trpm7 fl/fl (Nestin-Cre) (or Nestin-Cre Trpm7 ko) mice were normal in overall appearance, size, reproductive ability, behavior, and brain histology ( Fig. 1E ) and survived to adulthood. Because the Nestin promoter/enhancer that drives the Nestin-Cre transgene begins to be expressed at E10.5, we conclude that TRPM7 is not required for mouse brain development after E10.5.
Spatiotemporal Requirement of TRPM7 for Kidney Development.
During gastrulation, the ectoderm, mesoderm, and endoderm germ layers are derived from pluripotent ES cells. During kidney development, nephrons are derived from metanephric mesenchyme (MM), whereas collecting ducts develop from ureteric bud (UB). At E10.5, reciprocal inductive interactions between the UB and MM drive kidney morphogenesis (12) . The MM induces the outgrowth of the UB, which invades the MM by E11.5, inducing condensation of MM cells around UB tips and formation of the condensed cap. During mesenchyme-to-epithelia transformation, the cap mesenchymal cells form spherical renal vesicles that develop into commashaped bodies, S-shaped bodies, and, eventually, mature nephrons (12) . Wnt, Notch, TGF-β, and receptor tyrosine kinase pathways are all known to be important during nephrogenesis (13, 14) .
The HoxB7-Cre and Pax3-Cre transgenes are expressed at E11.5 during kidney development, but HoxB7-Cre is exclusively expressed in the UB (15), whereas Pax3-Cre is expressed in the MM (16) ( Fig.  1F ). After birth, at P12, TRPM7 protein was readily detectable in control kidneys but barely detectable in kidneys from HoxB7-Cre ko mice. In contrast, P12 kidneys from Pax3-Cre ko mice had TRPM7 protein levels that were only slightly lower than wt (Fig.  1G ). This suggests that TRPM7 expression at P12 is predominantly in cells of UB rather than MM origin. However, P12 HoxB7-Cre ko kidney size ( Fig. 1H ) and histology ( Fig. 1I , Left) were normal, whereas P12 Pax3-Cre ko kidneys were less than half the size of those of littermate controls ( Fig. 1H ), indicative of an important function of TRPM7 in the MM. In P12 Pax3-Cre ko kidneys, there were far fewer glomeruli and many large renal cysts were apparent ( Fig. 1I , Right), indicating defective nephrogenesis.
We then examined the Pax3-Cre Trpm7 ko kidney histology earlier in development. The ko kidneys were smaller than those of controls at E14.5 and E18.5 ( Fig. 2A) . Comma-and S-shaped structures, which reflect the transition from renal vesicles to segmented nephrons, were abundant in the control kidney at E14.5. In contrast, the ko kidney had only round and spherical tubular structures ( Fig. 2A, Left) . At E18.5, when numerous glomeruli were present in control kidneys (15.8 ± 2.8 per section, n = 4), very few glomeruli (1.7 ± 0.5 per section, n = 4) were found in ko kidneys ( Fig. 2A, Center) . By postnatal day (P) 2, renal tubules were dilated but no cysts were observed ( Fig. 2A , Right). Eosinophilic material consistent with protein was present in the lumen of dilated renal tubules ( Fig. 2B , Left) and the basement membrane was disrupted around dilated tubules of the ko kidney, compared with the well-organized basement membrane of controls ( Fig. 2B, Right) . Small cysts first emerged at P4 in ko kidneys. Immunostaining with markers specific for proximal tubules [aquaporin 1 (AQP1)], connecting tubules (Calbindin D28K), distal convoluted tubules [NaCl cotransporter (NCC)], and collecting ducts (AQP2) showed that the renal cysts were exclusive to the proximal tubules ( Fig. 2C ). In summary, the distinct kidney phenotypes resulting from the two differentially expressed transgenes show that MM TRPM7, but not UB TRPM7, is essential for nephrogenesis. This indicates that there is a spatiotemporal requirement for TRPM7 during kidney development.
Temporal Requirement for TRPM7 During Development of Neural
Crest-Derived Pigment Cells. Pax3 is endogenously expressed in neural crest (NC) cells (17) . The expression of Cre recombinase in Pax3-Cre mice largely recapitulates the normal Pax3 expression pattern, but Cre expression at E10.5 is detected in NC tissue in the lower but not upper trunk (18) (Fig. 3A ). This Cre expression pattern resulted in normal agouti fur in the upper trunk but white fur in the lower trunk in Pax3-Cre Trpm7 ko mice ( Fig. 3B ). Similarly, pigment cells were present in hair follicles of the upper but not the lower trunk of P2 dorsal skin sections ( Fig. 3C , Left). Toluidine blue staining, which yields excellent contrast between melanin and background, revealed that pigment cells were absent in the lower trunk of ko mice (Fig. 3C , Right). Immunohistochemical labeling with antibodies against microphthalmia-associated transcription factor and dopachrome tautomerase (DCT) revealed drastic reductions of pigment cells in the dorsal lumbar skin sections of P2 Pax3-Cre Trpm7 ko mice (Fig. 3D ). The Pax3-Cre transgenic line exemplifies the point that promoter-driven Cre does not follow the exact endogenous pattern of the native gene because of differences in expression levels. However, by E14.5, Cre expression was detected in skin pigment cells throughout the embryo. Indeed, TRPM7 was depleted in hair follicles of both the upper and lower trunk of P2 ko mice, but DCT + cells and pigment in hair follicles were reduced only in the lower trunk ( Fig. 3E ). These results indicate that NC Trpm7 deletion at E10.5 disrupts normal development of pigment cells but its deletion at E14.5 in skin pigment cells does not affect cell survival or normal melanogenesis. Finally, tyrosinase (Tyr) promoter Cre-mediated Notch ko mice were prematurely gray (19) because Notch is required for maintenance of melanocyte stem cells. However, we found that Tyr-Cre Trpm7 ko mice, expressing at E10.5 (20) , exhibited normal hair color throughout their life span, indicating that TRPM7 is not required for maintenance of these stem cells.
TRPM7 Is Temporally Required for Development of NC-Derived Dorsal
Root Ganglion Neurons. NC progenitors also give rise to dorsal root ganglion (DRG) sensory neurons. Consistent with the spatiotemporal timing of Pax3-Cre expression, Pax3-Cre Trpm7 ko mouse hind legs were paralyzed, although the forelimbs appeared normal; thus, the mice dragged their hind legs in a kneeling posture ( Fig. 3B ). E18 ko lumbar DRG sections appeared to have normal gray/white matter distributions, but cross-sectional areas were consistently smaller than in wt ( Fig. 3F , Upper). TRPM7 was depleted in ko lumbar DRG with concurrent loss of TRPM7 + large-diameter sensory neurons ( Fig.  3F , Lower). The ko DRG contained exclusively small neurons that stained for the neuronal marker microtubule-associated protein 2 (MAP2) ( Fig. 3F , Lower). These results provide additional evidence for the temporal requirement of TRPM7 in NC-derived lineages: TRPM7 is essential for NC progenitors but becomes dispensable once the progenitors are committed.
Generation of Trpm7 fl/fl (Cre-ER)-Induced Pluripotent Stem and NS Cells. Induced pluripotent stem (iPS) cells provide a powerful tool to understand cellular and molecular mechanisms of neurogenesis. As an alternative to ES cells, iPS cells can be generated by reprogramming somatic cells via retroviral expression of a combination of factors, such as Oct4, Sox2, Klf4, Myc, and Nanog (21, 22) . We used both in vivo and in vitro strategies to define a cellular basis for the temporal requirement of the TRPM7 channel kinase during embryogenesis. H&E staining of kidney sections at E14.5, E18.5, and P2 from Pax3-Cre Trpm7 ko mice. Spherical renal vesicles were present in E14.5 ko embryonic kidney, but comma-and S-shaped bodies were clearly absent (compared with wt control; arrows). There were reduced glomeruli in ko embryonic kidney at E18.5 and dilated tubules in the renal cortex of ko kidney at P2. (B) Highmagnification images of dilated renal tubules in P2 ko kidney. (Left) Note even distribution of eosinophilic acellular material the tubular lumen of ko (example circled). (Right) Note well-organized basement membrane in wt kidney (arrow), and damaged ones in ko kidney (diffuse purple in periodic acid-Schiff stain). (C) Proximal tubular cysts first appeared at P4 in ko kidney. The cysts were associated with proximal tubules (AQP1 + ) but not connecting tubules (D28K + ), distal convoluted tubules (NCC + ), or collecting ducts (AQP2 + ). Cysts are highlighted by white dots. Nuclei were stained by DAPI.
We established Trpm7 fl/fl (Cre-ER) iPS cells in which Trpm7 could be disrupted by administration of TM. Mouse embryonic fibroblasts (MEFs) were isolated from E13.5 Trpm7 fl/fl (Cre-ER) embryos and reprogrammed by retroviral expression of Oct4, Sox2, and Klf4 (Fig. 4A, Top) . Multiple iPS clones maintained ES cell-like morphology (Fig. 4A , Middle) and expressed Oct4 (Fig. 4A , Bottom). Two independent iPS clones, iPS3 and iPS6, were used to avoid clonal diversity. In vitro differentiation assays showed that both iPS3 ( Fig. 4B ) and iPS6 ( Fig. S2A ) gave rise to all three germ layers: ectoderm (Nestin + and NS cells), endoderm (cytokeratin Endo-A + ), and mesoderm (PECAM1 + endothelial cells and Troponin T + cardiomyocytes). Similar expression patterns of a panel of genes known to be expressed in ES cells (including Oct4, Sox2, and Nanog) were found in iPS3, iPS6, and a J1 ES cell line used to generate two ko mouse lines ( Fig. 4C ). We then tested the pluripotency of the Trpm7 fl/fl (Cre-ER) iPS cells by assaying teratoma formation after iPS cell injection into immunocompromised mice. After iPS cell injection, teratomas formed from iPS3 ( Fig. 4D ) and iPS6 ( Fig. S2B) , with tissue resembling all three germ layers-ectoderm (neural epithelium), mesoderm (muscle and cartilage), and endoderm (respiratory duct)-demonstrating that these iPS cells are pluripotent. Trpm7 fl/fl (Cre-ER) iPS cells were differentiated ( Fig. 4E, Top) and formed a monolayer of NS cells. The Trpm7 fl/fl (Cre-ER) NS cells exhibit bipolar morphology and form an adherent monolayer that is dramatically different from the morphology of the parental iPS cells (Fig. 4E, Middle) . The cells in the monolayer stained positive for Nestin ( Fig. 4E , Bottom), and thus consisted primarily of NS cells. Consistently, no TRPM7 current was detected in Trpm7 −/− NS cells ( Fig. 5B ). One common hypothesis is that TRPM7's function is to maintain relatively constant levels of global intracellular [Mg 2+ ], because high levels of Mg 2+ are required in cultured cells for survival (23) . However, similar to lymphocytes from lck-Cre Trpm7 ko mice (7), total Mg 2+ content was equivalent in Trpm7 −/− and control (wt) NS cells (Fig. 5C ). In addition, similar rates of proliferation were observed in Trpm7 −/− and control NS cells, independent of extracellular Mg 2+ (Fig. 5D ). Trpm7 −/− NS cells clearly displayed the capacity to differentiate into neurons (MAP2 + , Fig. 6A ) and astrocytes (GFAP + , Fig. 6B ). Like wt NS cells, Trpm7 −/− NS cells can be maintained indefinitely because they retain their ability to differentiate after >50 passages. In summary, loss of TRPM7 in NS cells did not affect the properties of self-renewal or differentiation (Fig. S3) , consistent with the finding that Nestin-Cre Trpm7 ko mouse brain develops normally after Cre recombinase disruption in Nestin + cells. Thus, our in vivo and in vitro results indicate that TRPM7 is dispensable for neurogenesis once NS cells have been established. (Fig. 7A ). Forty-eight hours after TM treatment, Trpm7 −/− iPS cells were found to be floating in culture. When cells were passaged at 72 h posttreatment, the majority of the Trpm7 −/− iPS cells had detached; control J1 ES cells treated similarly were not affected (Fig. 7B) . In side-by-side experiments, 10 mM MgCl 2 in the cell medium did not prevent loss of Trpm7 −/− iPS cells (Fig. 7B, Bottom) .
In an attempt to determine whether TM-induced Trpm7 deletion precipitated necrotic or apoptotic cell death, iPS cells and J1 ES cells were labeled by Annexin V (AxV)-FITC and propidium iodide (PI) for flow cytometry analysis. As shown in Fig. 7C , TM-treated iPS3 cells were largely dead, as indicated by the high number of AxV + and PI + cells. We defined four subpopulations of FACS cells as follows: (i) live cells (AxV − PI − ), (ii) early apoptotic (AxV + PI − ), (iii) midstage apoptotic (AxV + PI lo ), and (iv) late apoptotic/necrotic (AxV + PI hi ). Early apoptotic cells were largely absent in iPS3 cells at 72 h after TM treatment (Fig. 7C) , likely because the early apoptotic phase was rapid. Time course experiments were then conducted to determine whether dying iPS cells were, in fact, traversing through early apoptosis before reaching late apoptosis/necrosis. Fig. 7D shows that live iPS6 cells gradually decline over 72 h, whereas early apoptotic cells peak at 24 h, midstage apoptotic cells peak at 48 h, and apoptotic/necrotic cells peak at 72 h. Future studies will address whether ES cells follow the same pattern.
Discussion
We established a series of Trpm7 ko mice in which the channel kinase was disrupted at different embryonic stages and in different organs. Characterization of these mice revealed a temporal and spatial requirement of TRPM7 for embryogenesis and organogenesis. We also generated pluripotent iPS and neural precursor (NP) cells in which inducible TRPM7 depletion could be manipulated. This combination of in vivo and in vitro studies led us to identify key time points for TRPM7 regulation of organ formation.
In kidney, Trpm7 disruption in the UB vs. MM resulted in starkly contrasting outcomes. Given normal development in the UB lacking TRPM7, we surmise that TRPM7 is not essential for reciprocal UB/MM induction or the ensuing UB branching or nephron segmentation. In contrast, loss of TRPM7 in the MM resulted in abnormal nephrogenesis, manifested first in the failure of renal vesicles to progress to curved comma-and S-shaped structures. Progressively defective nephrogenesis was apparent from E18.5 to P12, which was typified by decreasing numbers of glomeruli, dilation of renal tubules at P2/3, and cyst formation after P4. Because we have not examined all potential time frames, our results do not indicate that TRPM7 is entirely dispensable for development of the UB-derived urinary system. Importantly, HoxB7-Cre expression is first detected in the UB at E11.5 (15) , when the UB has already formed. Because both the UB and MM are derived from the intermediate mesoderm (IM) at E9.5, it remains to be seen whether Trpm7 disruption in the IM causes defects in the formation of the UB and MM.
It is surprising that Trpm7 disruption in iPS cells results in rapid cell death, because we found that many cell types do not require TRPM7 for survival (7) . In this study, neurons and astrocytes from Nestin-Cre Trpm7 −/− mice as well as melanocytes from Pax3-Cre and Tyr-Cre Trpm7 −/− mice survived. Trpm7 −/− MEF cells induced by TM, and even multipotent progenitors like Trpm7 −/− NP cells, survived in vitro. It has been reported that TRPM7 is also required for maintenance of bone marrow-derived mesenchymal stem cells (24) . The question is why TRPM7 is dispensable for survival of most terminally differentiated cells types and some multipotent stem cells, such as NP cells, but is required for pluripotent stem cells and some multipotent stem cells, such as mesenchymal stem cells. One worrisome potential artifact is that the combination of nonspecific TM effects (25) , combined with the loss of TRPM7, results in rapid iPS cell death. Another possibility is that Trpm7 disruption leads to diminished expression of key genes required for pluripotent stem cell maintenance, such as OCT4, NANOG, and STAT3, or other growth regulatory genes, such as FGF13, FGF7, and midkine (7) .
A requirement for TRPM7 to maintain pluripotent stem cells could provide an explanation of why Trpm7 disruption causes early embryonic lethality at the onset of gastrulation, similar to the phenotypes of Oct4, Nanog, and Sox2 ko mice. However, when gastrulation was bypassed using inducible Trpm7 disruption, unique time dependence was found in different tissues than could be explained by pluripotent stem cell maintenance. Among the progenitors of gastrulation, NP/NS cells are a population of ectodermal stem cells important for brain development, whereas mesenchymal stem cells are important for hematopoietic tissue and connective tissue development. The requirement of TRPM7 for maintenance of mesenchymal stem cells but not NP cells might explain TRPM7's temporal dependence. The strongest support for this model comes from our studies of NC-derived pigment cells in Trpm7 ko mice bred to different Cre transgenic mice. NC cells contribute to a cascade of multipotent progenitors that give rise to diverse cell types, including pigment cells. Pigment cells progress from ES/iPS cells to neural crest progenitor (NCP) cells and to early melanoblast stem cells, which later become niche-restricted in adults (26) . These cells mature into melanocytes. Fortuitously, the unique Pax3-Cre transgenic Trpm7 −/− mouse was illuminating. In this mouse, Cre was expressed in NCP cells of dorsal neural tube at E10.5 (lumbar but not cervical), whereas it was expressed in all melanoblasts at E14.5 (18) . This pattern resulted in the unique pigment cell phenotype in the Pax3-Cre Trpm7 ko mice in which only the lower trunk failed to develop mature melanocytes. We conclude that Trpm7 disruption at E10.5 in NCP cells affects pigment cell development and that Trpm7 is dispensable for further development from melanoblasts at E14.5. Furthermore, we found that Tyr-Cre mediated Trpm7 ko mice exhibited normal hair color throughout their life span, indicating that TRPM7 is not required for maintenance of melanocyte stem cells. These results suggest that the development of pigment cells evolves sequentially via two intermediary progenitor cells, NCP and melanocyte stem cells, and that TRPM7 is required for maintenance of NCP cells but not melanocyte stem cells.
Nestin, an intermediate filament protein, is expressed in dividing cells of the nervous system during the early stages of development. Nestin-Cre Trpm7 ko brain developed normally, indicating that TRPM7 is no longer important to formation of the brain after ∼E10.5. Our in vitro studies of NP cells, which are similar to NS cells in that they give rise to neurons, astrocytes, and oligodendrocytes, clearly indicate that Trpm7 −/− NP cells survive, self-renew, and differentiate in similar fashion to wt NP cells. These findings pinpoint a small window of time (from blastocyst to neural epithelium) during which TRPM7 is essential for neurogenesis.
In summary, TRPM7 is an important regulator of early embryogenesis and organogenesis. Our in vitro studies show a differential requirement for maintenance of pluripotent and multipotent stem cells. However, a detailed molecular mechanism is still lacking. The key to understanding TRPM7's biological function lies in identifying (i) the in vivo mechanism for TRPM7 channel gating and (ii) the native TRPM7 kinase substrates. Intracellular Mg 2+ blocks TRPM7 with a K d of ∼0.6 mM (5). Thus, the only known mechanisms for TRPM7 gating are depletion of intracellular Mg 2+ levels below normal (∼0.4-0.8 mM) levels (5) or severe reduction of extracellular pH (to ∼5) (6) . Despite the simplicity and appeal of these two mechanisms, we consistently find no evidence that cells are depleted of Mg 2+ during development or that [Mg 2+ ] is abnormally low in TRPM7 ko cells. Importantly, Mg 2+ transporters (27, 28) , Mg 2+ -permeant channels [e.g., cyclic nucleotide-gated, TRPV1, V2, M2, M6, as well as various transmitter-gated channels], and Mg 2+ buffers appear sufficient to maintain intracellular Mg 2+ homeostasis in the absence of TRPM7. A profound pH drop during normal early development has not been reported in mammals, to our knowledge, and, in any case, only conducts monovalent ions inwardly at low [pH] o (6) . We hypothesize that after an unknown gating stimulus, localized entry of one of TRPM7's permeating divalent ions triggers activation of the kinase, which then leads to alteration of fundamental events critical to early development.
Materials and Methods
Animals. Mice were maintained in the barrier facility at the Children's Hospital Boston. Trpm7 fl/fl mice were generated previously (7) . Timed breeding of Trpm7 fl/fl (Cre-ER) male and Trpm7 fl/fl female mice was used to isolate Trpm7 fl/fl (Cre-ER) MEF cells. A CRE-ER, TM-inducible transgenic (10) was used for inducible Trpm7 disruption. The Pax3-Cre transgenic was obtained from Jonathan Epstein (University of Pennsylvania, Philadelphia, PA) (18) , and the HoxB7-Cre transgenic was obtained from Carleton Bates (University of Pittsburgh, Pittsburgh, PA) (15) . Mice were maintained on a mixed 129/SvEvTac and C57BL/6J background. Timed breeding at night and detection of mating plugs the next morning marked the embryonic stage as E0.5. Newborn pups were designated as P1. Mice were maintained in the barrier facility at the Children's Hospital Boston under approved institutional animal care and use committee protocols. For i.p. TM injections, 50 mg/mL TM was dissolved in ethanol and aliquoted at −20°C. Before injection, frozen TM stock was warmed to 50°C, diluted 1:5 in autoclaved sunflower seed oil, and emulsified. The injection volume was 50-100 μL, depending on mouse body weight. Injected females were 12-16 wk old and had previously delivered healthy litters. A Nestin-Cre transgenic mouse (003771; Jackson Laboratory) was used for conditional Trpm7 disruption in brain. Immunocompromised SCID mice (001303; Jackson Laboratory) were used for iPS cell injection for teratoma formation. All procedures were performed under approved protocols.
Genotyping and Genomic DNA Quantitative PCR. DNA was prepared using a mouse-tail kit (Qiagen) for PCR genotyping. The primer sequences are as follows: Trpm7 fl allele, 5′-TAGCCCTGTAGAGTTTTACTGG-3′ and 5′-GATAGA-CTATATACTAGGTACATGG-3′; Trpm7 null allele, 5′-AGACCAGGAGAAAATGC-TCTGG-3′ and 5′-ATAGACTATATACTAGGTACATGG-3′; and Cre, 5′-GTATAGCC-GAAATTGCCAGGATCAG-3′ and 5′-ACCCGGCAAAACAGGTAGTTATTCG-3′.
Genomic DNA quantitative PCR (qPCR) was carried out on 10-μL volumes using SYBR GreenER qPCR Supermix (Qiagen) in a C1000 cycler-converted CFX96 Real-Time PCR Detection System (Bio-Rad). Each PCR assay was done in triplicate, side by side with a β-actin control. Relative expression level was determined using the ΔΔCt method of Bio-Rad CFX Manager software. The primer sequences were as follows: Trpm7 exon 17, 5′-GGCAGTTGAATTA-CTGGAACAG-3′ and 5′-GGTCTAAGTCTTGAAGAAACTG-3′; Trpm7 exon 12, 5′-GGATCCTTGGAACAGGCTATG-3′ and 5′-GTTATAAAGTTCTTCCAGTCTGG-3′; andβ-actin exon 2: 5′-GCCATGGATGACGATATCGCTG-3′ and 5′-GATGGAG-GGGAATACAGCCCG-3′.
Histology and Immunostaining. Tissues were fixed overnight with 4% (vol/vol) paraformaldehyde (PFA) in PBS at 4°C for paraffin-embedded sections. Paraffin-embedded sections (∼5 μm) were stained with H&E, periodic acid-Schiff reagent, or von Kossa reagent (for calcium deposits) at the Children's Hospital Boston Pathology Core and Dana Farber Histopathology Core using standard protocols. Immunofluorescence was performed on paraffin-embedded sections. Tissues were fixed with 4% (vol/vol) PFA in 20% sucrose before optimal cutting temperature-embedded cryosections. Antibodies against AQP1, Calbindin d28K, NCC, and AQP2 were purchased from Millipore and used at 1:200 in staining. Nuclei were counterstained with DAPI.
TUNEL Staining. Kidney cryosections were stained using the ApopTag plus in situ apoptosis detection kit (catalog no. S7111; Millipore) according to the manufacturer's instructions. Briefly, sections were incubated with digoxigenin-labeled nucleotides and terminal deoxynucleotidyl transferase and then stained with fluorescein-conjugated antidigoxigenin antibody. Apoptotic cells with DNA fragmentation were positively stained (green), and nuclei were counterstained with DAPI (blue).
Western Blot Analysis. Mouse tissue was homogenized and lysed in PBS lysis buffer containing 1% Nonidet P-40, 2 mM EDTA, and protease inhibitor mixture (1 tablet per 10 mL; Roche). Protein concentration of the lysate was quantified using Coomassie Protein Assay Reagent (Thomas Scientific). Two hundred micrograms of total protein was loaded onto SDS/PAGE, transferred to a nitrocellulose membrane, and stained with a rabbit anti-TRPM7 antibody. Positively stained signals were detected by Amersham ECL reagents (GE Healthcare).
Genotyping and Genomic DNA Real-Time PCR. Mouse-tail DNA or tissue DNA was prepared using the mouse-tail kit for PCR genotyping. Genomic real-time PCR was done in a 10-μL volume using SYBR GreenER qPCR Supermix in the C1000 cycler-converted CFX96 Real-Time PCR Detection System. Each PCR assay was done in triplicate with β-actin, side-by-side. Relative expression levels were analyzed using CFX Manager software and normalized to the control.
Real-Time RT-PCR. Total RNA was purified using an RNeasy Mini Kit (Qiagen). First-strand cDNA was synthesized using Retroscript (Ambion). Real-time PCR in 10-μL volumes used SYBR GreenER qPCR Supermix in a C1000 cycler-converted CFX96 Real-Time PCR Detection System. Each RT-PCR assay was done in triplicate with β-actin, side-by-side. Relative expression levels were analyzed using CFX Manager software and normalized to the designated control. The primer sequences are as follows: for Trpm7 exon 16-17, 5′-GAC-CTGGTAGATGATACTTCAG-3′ and 5′-GTGAGTAATTTCATAGCCATCG-3′, and for β-actin exon 3-4, 5′-GAACCCTAAGGCCAACCGTG-3′ and 5′-GTACGACC-AGAGGCATACAG-3′.
Cell Culture. All cells were maintained at 37°C, 5% CO 2 . Cell culture media were purchased from Invitrogen. MEFs were cultured in DMEM/F12, with 10% (vol/ vol) FBS, 1 mM sodium pyruvate, 1 mM L-glutamine, 100 mM nonessential amino acids, 50 U/mL penicillin, and 50 mg/mL streptomycin. iPS cells were cultured in ES cell medium containing KO DMEM with 15% (15 ml/100 ml) FBS certified for ES cell culture, 1 mM sodium pyruvate, 1 mM L-glutamine, 100 mM nonessential amino acids, 50 U/mL penicillin, 50 mg/mL streptomycin, 100 mM 2mercaptoethanol, and 1,000 U/mL leukemia inhibitory factor (LIF). Media were changed daily. NS cells were cultured in NS cell medium containing Neuralbasal (Invitrogen) supplemented with N-2 and B-27, 1 mM L-glutamine, 100 mM nonessential amino acids, 50 U/mL penicillin, 50 mg/mL streptomycin, 10 ng/mL bovine fibroblast growth factor (bFGF), and 25 ng/mL EGF.
Isolation of MEF Cells. Pregnant female mice were killed with CO 2 asphyxiation at E13.5. The embryos were dissected from the uterine horn, and the brain and internal organs were removed. The remaining embryos were minced and pooled, resuspended in 2 mL of 0.25% Trypsin-EDTA (Invitrogen) in a 15-mL conical tube, and incubated at 37°C for 30 min with occasional shaking; 5 mL of DMEM/F12 medium was added, and the cell/tissue mixture was pipetted to disaggregate clumps of tissue. After 2 min, the turbid supernatant was aspirated and passed through a 100-μm cell filter. The MEF cells were spun down and cultured in medium as described above.
Generation of iPS Cells. Concentrated retroviral stock expressing Oct4, Sox2, and Klf4 was generated, and MEFs were reprogrammed. Briefly, 2 million MEF cells were infected with concentrated retrovirus expressing Oct4, Sox2, and Klf4 via spin inoculation. MEF cells were cultured with medium for ES cell culture, as described above. ES cell-like colonies were picked and transferred to 24-well plates. Cells maintaining ES cell-like morphology were expanded and then frozen.
Differentiation of iPS Cells. For in vitro differentiation of iPS cells, LIF was removed from the culture media to allow formation of embryoid bodies (EBs). At day 5, EBs were transferred to a fresh plate and allowed to reattach for further differentiation. At day 9, the cells were trypsinized and seeded on chamber slides, and they were analyzed the next day using immunofluorescence.
Generation and Differentiation of NS Cells. iPS cells were seeded on a gelatinized plate in normal ES cell culture medium and grown to near confluence. The medium was changed to NS medium the following day. Cells were trypsinized and replated in an uncoated plate in NP cell culture medium 4-5 d later. The supernatant containing NS cell aggregates was transferred to a new plate 3-5 d later, where they grew into a monolayer of NS cells. Differentiation of NS cells to neurons was in laminin-coated plates. NS cells were seeded in regular NS medium; the next day, bFGF and EGF were withdrawn from the medium. The medium was changed every 2-3 d, and cells were analyzed at day 7. NS cells were differentiated to astrocytes by addition of 1% FBS to the normal NS medium. The medium was changed every 2-3 d, and cells were analyzed at day 7.
Cell Proliferation Assay. For the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethonyphenol)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay, the Cell-Titer 96 AQueous One Solution Cell Proliferation Assay kit (Promega) was used following the manufacturer's instructions. Briefly, cells were cultured in a 96-well plate at the density suggested by the manufacturer. Ten microliters of the MTS reagent was added into each well, cells were in-cubated at 37°C for 3 h, and absorbance was measured at 490 nm with a microplate reader. All experiments were done in triplicate with the "nocell" well as the blank control.
Inductively Coupled Plasma-MS Analysis for Mg 2+ Content. Trpm7 fl/fl and Trpm7 −/− NS cells were snap-frozen in liquid nitrogen until processed for inductively coupled plasma (ICP)-MS analysis, as described previously (7) . Cell pellets were lysed in 1% HNO 3 , diluted in deionized H 2 O (18 MΩ) to 0.1% HNO 3 , and analyzed by quadrupole ICP-MS (X-Series ICPMS with CCT; Thermo Electron). The data reduction was carried out using independently calibrated internal standards. The K + and Mg 2+ data (in parts per billion) were used to calculate the Mg 2+ /K + ratio and the intracellular molarity of total Mg 2+ by normalizing to [K + ] assumed as 120 mM.
AxV Apoptosis Assay. iPS cells were trypsinized for 5 min, dispersed to remove aggregates, and washed twice with Dulbecco PBS. Cells were suspended in binding buffer at 1 million cells/mL. Apoptosis assays used the AxV FITC Apoptosis detection kit (Sigma). Briefly, 500 μL of cells was stained with 5 μL of AxV FITC and 10 μL of PI for 10 min, and then immediately analyzed on a flow cytometer. Data were analyzed using FlowJo (National Institutes of Health).
Electrophysiology. Whole-cell currents in fibroblasts or neural precursor (NP) cells were elicited by voltage stimuli lasting 100 ms, delivered every 5 s, using voltage ramps from −100 to +100 mV (0-mV holding potential). The internal pipette solution contained 120 mM Cs-methanesulfonate, 8 mM NaCl, 10 mM 1,2-bis(oaminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA), 3.3 mM CaCl 2 , 2 mM ATP-Na 2 , and 10 mM Hepes (pH adjusted to 7.2 with CsOH). The extracellular solution was designed to minimize chloride currents and consisted of 140 mM Na-methanesulfonate, 5 mM Cs-methanesulfonate, 1 mM CaCl 2 , and 10 mM Hepes (pH adjusted to 7.4 with NaOH). All currents were recorded using a Mul-tiClamp 700B amplifier (Molecular Devices) and were acquired with Clampex (pClamp9; Molecular Devices). Data were digitized at 10 kHz and digitally filtered off-line at 2 kHz. All experiments were performed at room temperature.
Data Analysis. Data are presented as the mean ± SEM. Statistical comparisons were made using the Student's unpaired t test. A P value <0.05 was considered statistically significant.
